Background: TLR4 is an important receptor, promoting both protective immunity and inflammatory diseases. Results: A revised model of TLR4 signaling is proposed, based upon new observations. Conclusion: TLR4 forms an autoinhibitory complex in the absence of ligand; disrupting this complex induces downstream signaling. Significance: This new mechanism may explain TLR4 responsiveness to diverse ligands and guide the design of novel therapeutics.
Toll-like receptors (TLRs) 3 play a central role in immunological defense by activating the innate arm of the immune system in response to ligands, including both damage-associated and pathogen-associated molecular patterns (1) (2) (3) . Humans express 10 distinct TLR proteins, each of which contains an extracellular ligand-binding domain, a single transmembrane domain, and an intracellular Toll/IL-1 receptor (TIR) domain. The canonical model of TLR biosensing is that ligand binding to the ectodomains (ECDs) induces receptor dimerization, which promotes dimerization of TIR domains to generate a scaffold that recruits downstream signaling mediators (4) .
TLR signaling is tightly regulated, and aberrant TLR signaling promotes a range of pathologies, ranging from acute threats like septic shock to chronic disease, including autoimmunity and cancer (5) (6) (7) . Consequently, modulation of TLR signaling is a promising therapeutic strategy (8, 9) . However, despite substantial progress in the identification of intracellular mediators of TLR signaling (10) and the structural solution of several TLR-ligand complexes (11) , the mechanisms by which the initiation of signaling is regulated in the absence of ligand and promoted upon formation of a signaling complex remain poorly understood (4) . A better understanding of how this initial induction of TLR signaling is regulated could help to explain the roles of TLRs in pathological and beneficial processes and suggest novel strategies for therapeutically modulating TLR signaling.
This study focuses on elucidating the mechanisms by which TLR4 signal induction is regulated, because this TLR is of par-ticular medical relevance and, in many ways, is unique among this protein family. TLR4 induces potent inflammation in response to lipid A, the core component of bacterial LPS. Although this response provides a first line of defense against bacterial incursion, excessive TLR4 signaling promotes harmful inflammation and, in its extreme, septic shock (3, 6 -8) . TLR4 is also the only TLR that requires an adaptor protein for ligand recognition, myeloid differentiation factor 2 (MD2) (12) . MD2 binds to the ECD of TLR4 during protein biosynthesis and facilitates surface localization (although MD2 is not strictly required for surface localization (13) ), such that this heterodimer comprises the ligand-free cell surface receptor (14) . When the hydrophobic core of MD2 binds lipid A, MD2 exposes an interface that binds a second TLR4 ECD to promote the formation of a heterotetrameric TLR4⅐MD2 signaling complex, which is stabilized by protein-protein interactions between TLR4 ECDs (15) . Although such structural characterizations provide insights into the mechanisms by which ligand binding induces the formation of a TLR4 signaling complex, how TLR4 signaling is regulated in the absence of lipid A remains much more poorly understood.
Both functional and structural evidence suggests that TLR4 signaling may be regulated via mechanisms that are unique among this receptor family. Unlike other TLRs, TLR4 responds to a wide range of non-canonical ligands, including nickel (16) , cobalt (17) , fibrinogen (18) , high mobility group box 1 (19, 20) , respiratory syncytial virus (21) , and the envelope protein of the vesicular stomatitis virus (22) . Why TLR4 seems particularly susceptible to activation by non-canonical ligands is not known. A potentially relevant structural insight is that TLR4 TIR domains exhibit a propensity to homodimerize, probably to a larger degree than do TIR domains from other TLRs (23) . Although TLR4 TIR dimers have not been crystallized, a recent computational analysis predicted that an energetically favorable conformation of such a dimer would place membraneproximal sequences on the same interface and enable adapter protein docking, suggesting that spontaneous TIR dimerization could induce signaling (24) . The TLR4 ECD appears to play a role in preventing constitutive activation because replacing the ECD of TLR4 with a smaller monomeric protein, such as mCherry or the N-terminal fragment of Escherichia coli gyrase B, results in constitutive signaling (25) . Replacing the TLR4 ECD with another large protein (i.e. ovalbumin) prevented constitutive activation, suggesting that steric occlusion is sufficient to prevent TLR4 signaling. However, it is not clear that steric occlusion is the dominant mechanism by which the TLR4 ECD prevents constitutive signaling because even TLR4 ECDs with substantial N-terminal truncations were sufficient to prevent constitutive signaling. A final structural idiosyncrasy is that TLR4 is the only TLR in which the linker between the transmembrane domain and TIR domain is hydrophobic. This hydrophobic linker has been hypothesized to contribute to oligomerization of TLR4 (observed via immunoblotting) because other TLRs do not appear to oligomerize in a similar fashion (26) . Although deletion of this hydrophobic linker ablates TLR4 signaling, the role of this feature in regulating TLR4 signaling in the presence or absence of ligand is not clear. In sum, although features that contribute to the promotion or regulation of TLR4 signaling have been identified, we currently lack an overall model explaining how this ensemble of features collectively governs TLR4 signaling.
In this study, we sought to investigate how the structural features that distinguish TLR4 from other TLRs contribute to the signaling properties of this receptor. Together, our results indicate that the unique intracellular linker of TLR4 is not required to initiate LPS-inducible signaling, although it does contribute to signaling in a pathway-specific manner. Moreover, although membrane-bound TIR domains were sufficient to induce signaling, constitutive signaling was suppressed in the absence of ligand by a mechanism that did not require tight geometric constraints, which argues against a mechanism reliant upon steric occlusion. To integrate our observations and the existing literature, we hypothesize that TLR4 signaling may be regulated by a switchlike mechanism involving an inhibitory partner.
EXPERIMENTAL PROCEDURES
Plasmid Construction-mTLR4 was isolated from cDNA of RAW264.7 cell line using PCR and inserted into the pcDNA 3.1(Ϫ) backbone. mCherry fusion proteins used mCherry from pmCherry-C1 (Clontech) (27) . The pMD2 expression plasmid was constructed from pDUO-MD2/CD14 (InvivoGen) by removing the CD14-coding sequence. The pIFN-␤luc and pSV-␤gal plasmids were gifts from David Segal (28) . pHR-SFFV-dCas9-BFP-KRAB and pMLM3636 were acquired from Addgene (catalog nos. 46911 and 43860, respectively) (29) . Expression constructs for small guide RNA (sgRNA) specific for TMED7 (TMED7-sgRNA2 and TMED7-sgRNA3) were constructed by inserting annealed, overlapping oligonucleotides into pMLM36363. A human TMED7 cDNA plasmid was acquired from the DNASU Plasmid Repository (pLX304-TMED7). pTMED7-Delta was generated by modifying TMED7 from pLX304-TMED7 by PCR as described (30) and inserting this construct into pcDNA 3.1(Ϫ). Primer sequences are listed in supplemental Table S1 .
Cell Culture and Transfection-Cells were maintained at 37°C in 5% CO 2 in Dulbecco's modified growth medium supplemented with 10% fetal bovine serum (FBS), 1% penicillinstreptomycin, and 4 mM L-glutamine. HEK293FT cells (Life Technologies, Inc.) were used for all immunohistochemistry. Unless stated otherwise, transfections were performed in biological triplicate in 12-well plates seeded with 3 ϫ 10 5 cells in 1.5 ml of medium 12 h before the transfection. 1.25 g of DNA/ well was transfected using the CaCl 2 -HEPES-buffered saline method.
TLR4 Signaling Assays-HEK293 cells stably transduced with an NF-B promoter driving expression of GFP were used to measure NF-B activity (31) . Each well was transfected with 0.25 g of pDsRed-Express2 transfection control (Clontech), 0.025 g of pMD2, 0.875 g of pcDNA 3.1(Ϫ), and 0.1 g of pTLR4 (or variant) or 0.1 g of pcDNA 3.1(Ϫ) for mock transfections. 16 h post-transfection, medium was changed, and 100 ng/ml LPS from E. coli K12 (InvivoGen) was added to culture medium, cells were incubated for 24 h, and GFP fluorescence was analyzed by flow cytometry.
For TMED7 overexpression and TMED7-Delta experiments, each well was transfected with 0.1 g of pLX304-TMED7 or pTMED7-Delta, 0.25 g of pDsRed-Express2 transfection control (Clontech), 0.025 g of pMD2, 0.775 g of pcDNA 3.1(Ϫ), and 0.1 g of pTLR4 (or variant) or 0.1 g of pcDNA 3.1(Ϫ) for mock transfections. For TMED7 knockdown experiments, each well was transfected with 0.35 g of pHR-SFFV-dCas9-BFP-KRAB, 0.175 g of TMED7-sgRNA2, 0.175 g of TMED7-sgRNA3, 0.25 g of pDsRed-Express2 transfection control (Clontech), 0.025 g of pMD2, 0.175 g of pcDNA 3.1(Ϫ), and 0.1 g of pTLR4 (or variant) or 0.1 g of pcDNA 3.1(Ϫ) for mock transfections. All other steps were performed as described above.
For LPS-induced TRIF signaling assays, each well was transfected with 0.25 g of pDsRed-Express2 transfection control (Clontech), 0.025 g of pMD2, 0.25 g of pSV-␤gal, 0.25 g of pIFN-␤luc, 0.875 g of pcDNA 3.1(Ϫ), and 0.1 g of pTLR4 (or variant) or 0.1 g of pcDNA 3.1(Ϫ) for mock transfections. 24 h post-transfection, medium was changed, and 100 ng/ml LPS from E. coli K12 (InvivoGen) was added to the culture medium. Cells were incubated for 6 h, washed with PBS, and lysed using 200 l of Glo lysis buffer (Promega). For luciferase assays, 25 l of cell lysate was mixed with 25 l of ONE-Glo TM luciferase assay substrate (Promega). Luminescence was read using a BioTek Synergy H1 plate reader. For ␤-galactosidase assays, 50 l of cell lysate was incubated with 50 l of ␤-galactosidase 2ϫ assay buffer (Promega) for 30 min. 150 l of 1 M Tris base was added to stop the reaction, and absorbance measurements at 420 nm were recorded using a BioTek Synergy H1 plate reader.
Immunolabeling-HEK293FT cells were transfected with 0.25 g of pcDNA-BFP as a transfection control, 0.5 g of pMD2, and 0.5 g of pTLR4 (variant) or mock-transfected with empty pcDNA3.1(Ϫ). Cells were harvested 36 h post-transfection using PBS with 2 mM EDTA. For intracellular staining, cells were then fixed in 1% paraformaldehyde at room temperature for 15 min and permeabilized with 0.5% saponin. 5 ϫ 10 5 cells were blocked with 10 g of human IgG and subsequently incubated with 0.1 g of PE⅐Cy7 anti-mouse TLR4 (CD284)⅐MD2 complex (Biolegend), which cross-reacts with the human antigens. Cells were resuspended in PBS with 5% bovine serum albumin (BSA) and 2 mM EDTA prior to analysis by flow cytometry.
For labeling mCherry-TLR4 fusion constructs, 7.5 ϫ 10 5 HEK293FT cells were transfected with 0.5 g of pcDNA-BFP as a transfection control, 1 g of pcDNA3.1(Ϫ), and 1 g of mCherry-TLR4 (or variant; each with N-terminal FLAG tags) or pcDNA3.1(Ϫ) for mock transfections, in 6-well plates. 5 ϫ 10 5 cells were incubated with 0.5 g of SureLight allophycocyanin anti-FLAG (AbCam).
Flow Cytometry-2 ϫ 10 4 live cells from each transfected well were characterized using an LSRII flow cytometer (BD Biosciences) running FACSDiva software. Data were electronically compensated and analyzed using FlowJo software (Tree Star). Live single cells were gated based on scatter, and transfected cells were gated by expression of the appropriate fluorescent transfection control. For LPS-induced signaling experiments, reporter activity was quantified and normalized with respect to cells transfected with wild-type (WT) pTLR4 and treated with LPS.
RESULTS

Intracellular Linker Properties Required for LPS-inducible
Signaling-We first investigated how the unique intracellular linker (ICL) of TLR4 may play a role in receptor function. In TLR4, the linker between the TMD and TIR domain is hydrophobic, which is a feature unique among TLR ICLs, and removal of this sequence ablates LPS-mediated induction of TLR4 signaling (26) . However, the mechanism by which this linker enables TLR4 function remains unclear. We first investigated whether LPS-inducible signaling requires the native linker sequence, for example by mediating sequence-specific interactions between hydrophobic linkers on multiple receptors or between the hydrophobic linker and another component of the receptor-adaptor protein complex. The hydrophobic linker sequence was reversed (TLR4-H1) or scrambled in two different ways (TLR4-H2 and TLR4-H3) ( Fig. 1A) , such that the overall composition of the linker was maintained. TLR4-H1 and TLR4-H2 were both expressed on the cell surface and signaled inducibly ( Fig. 1, B and C). Whereas the maximal magnitude of NF-B reporter activation was lower than that conferred by the wild-type receptor (TLR4-WT), the -fold increase upon the addition of LPS was similar to that observed for WT TLR4 (Fig. 1C ). The lower magnitude of NF-B reporter activation could be due to reduced localization of the modified TLRs to the cell surface. LPS-induced TLR4 signaling via myeloid differentiation primary response 88 (MyD88), which eventually drives translocation of NF-B into the nucleus, must initiate at the cell surface (32) . In contrast, TLR4-H3 was not LPS-inducible, and its surface expression was weaker than that of either the -H1 or -H2 variants (Fig. 1, B and C). The observed LPS-inducible signaling of TLR4-H1 and TLR4-H2 indicates that the necessary function mediated by the ICL is not highly specific to linker sequence.
To examine whether the ICL must be hydrophobic to confer LPS-inducible signaling, the WT linker was replaced with linkers of other compositions. Linkers characterized by flexible glycines (TLR4-G), positively charged residues (TLR4-P), negatively charged residues (TLR4-N), or polar uncharged residues (TLR4-U) were each evaluated ( Fig. 2A ). TLR4-G and TLR4-P were expressed on the cell surface and exhibited LPS-inducible signaling (Fig. 2, B and C). TLR4-U was not inducible, despite being expressed on the surface of the cell (Fig. 2, B and C). TLR4-N was expressed intracellularly but not on the cell surface and did not demonstrate LPS-inducible signaling (Fig. 2, B and C). Given that only some of our hydrophobic ICL variants were competent for LPS-inducible signaling ( Fig. 1B) , we cannot exclude the possibility that other TLR4 variants with polar uncharged or negatively charged ICL sequences would also be competent for LPS-inducible signaling. Most importantly, the inducibility of TLR4-G and TLR4-P demonstrates that the TLR4 ICL need not be highly hydrophobic to confer LPS-inducible signaling.
We next investigated how linker length, in addition to linker composition, may affect TLR4 signaling. TLR4 constructs were engineered in which the hydrophobic linker was removed (TLR4-L0) or replaced by flexible linkers with lengths of 6 amino acids (TLR4-L6), 11 amino acids (TLR4-L11), 23 amino acids (TLR4-L23), and 48 amino acids (TLR4-L48) ( Fig. 3A ). Both ligand-inducible and ligand-independent signaling were evaluated (Fig. 3 , B and C). Consistent with the results of Nishiya et al. (26) , TLR4-L0 did not exhibit LPS-inducible signaling despite being expressed on the surface of the cell (Fig. 3 , B and D). However, TLR4-L6, TLR4-L11, TLR4-L23, and TLR4-L48 all exhibited LPS-inducible signaling (Fig. 3, B and C). TLR4-L6 signaled as well as variants with longer linkers, and it is possible that the minimal linker length required for signaling competency is shorter than the shortest (6-amino acid) linker length characterized here. Each of these TLR4 constructs was also expressed on the cell surface ( Fig. 3D) . Again, the magnitude of LPS-induced NF-B reporter activation was lower for the modified TLR4s compared with wild-type TLR4, but the -fold induction of NF-B was equal to or higher than that conferred by WT TLR4 (Fig. 3, B and C) . Thus, even very long linkers between the transmembrane and TIR domains of TLR4 maintain inducibility and do not result in constitutive activa-tion, despite the reported propensity of TLR4 TIR domains to homodimerize (23) .
Replacement of the TLR4 Transmembrane Domain Ablates Ligand-inducible Signaling-There exists some evidence that TLR TMDs oligomerize even in the absence of other TLR sequences (33, 34) . We hypothesized that TLR4 function may require a TLR4-derived (or TLR-derived) TMD with this propensity for oligomerization. To investigate this question, TLR4 constructs were generated in which the TLR4 TMD was replaced with that of two cell surface proteins, IL-10 receptor ␣-chain (IL-10R␣) (TLR4-TMa) or cluster of differentiation 28 (CD28) (TLR4-TM28) ( Fig. 4A ). Non-TLR-derived TMD sequences were selected to avoid potential substitution of TLR4 TMD functions by other TLR TMDs. We previously incorporated the CD28 TMD into engineered receptor proteins that were monomeric and expressed at the cell surface (35) . Replacement of the TLR4 TMD in TLR4-TMa and TLR4-TM28 prevented trafficking of these constructs to the cell surface but did not ablate overall receptor expression ( Fig. 4B ). The TMDs of intracellular TLRs mediate receptor localization via interaction with proteins such as UNC93B1 (36) , but to our knowledge, no specific TMD interaction partner has been identified as necessary for surface localization of TLR4 (13) . Transmembrane Emp24 protein transport domain-containing protein 7 (TMED7) mediates transport of TLR4 from the endoplasmic reticulum to the Golgi (30, 37) , and transport of TLR4 from the Golgi to the cell surface involves Rab10 (38) . Thus, our TMD modifications could impair one or more of these interactions. TLR4-TMa exhibited a low level of ligandindependent signaling, which was dependent on overexpression of MD2 ( Fig. 4C ). Unlike TLR4-TMa, TLR4-TM28 did not exhibit ligand-independent signaling. To control for artifacts due to the manner in which fusion proteins were engineered, we also evaluated a construct in which the sequence derived from CD28 was lengthened to include 4 -5 additional flanking residues derived from CD28 on each side of the TMD (TLR4-TM28L) ( Fig. 4A ). Whereas this modification neither modulated overall expression nor restored surface expression ( Fig.  4B ), MD2-dependent signaling was observed for TLR4-TM28L, but this signaling was not LPS-inducible (Fig. 4C ). We note that in some experiments (including data presented in subsequent figures), TLR4-TM28L generated background signaling more comparable with that of WT TLR4, yet TLR4-TM28 signaling was consistently non-inducible by LPS. To further investigate the contributions of TMD-proximal sequences added in TLR4-TM28L, these CD28-derived flanking sequences were inserted into WT TLR4 next to the TMD on the extracellular side (TLR4-CD28flank_ex), intracellular side (TLR4-CD28flank_in), or both sides (TLR4-CD28flank_both) (Fig.  4D) . Overall, these substitutions increased background signaling and reduced but did not eliminate LPS-mediated increases in signaling. Together, these data suggest a model wherein TMD substitutions shift TLR4 localization to subcellular compartments that are incompetent for signaling (TLR4-TM28, TLR4-TMa) or that are competent for signaling but preclude interactions with LPS (TLR4-TM28L).
The TIR Domain of TLR4 Is Sufficient to Induce Constitutive Signaling-Because TLR4-TMa, TLR4-TM28, and TLR4-TM28L did not localize to the cell surface, we could not use these constructs to evaluate whether the TMD of TLR4 is required for LPS-inducible signaling. However, because TLR4 signals constitutively when the ECD is replaced with mCherry (25) , which is much smaller than the TLR4 ECD, we used this model to evaluate whether the TMD of TLR4 (and its potential to oligomerize (33, 34) ) is required for constitutive signaling. Constructs were engineered, replacing the ECD of TLR4 with mCherry and including either the TMD of TLR4 (M-4) or the TMD of CD28 (M-28) (Fig. 5A) . Consistent with the observations of Panter et al. (25) , M-4 exhibited constitutive signaling (Fig. 5B) . Replacement of the TMD to generate M-28 did not eliminate constitutive signaling (Fig. 5B) , demonstrating that the TMD of TLR4 is not required for constitutive signaling.
To determine whether the hydrophobic ICL and/or TIR domains are required for the constitutive activation observed when the ECD of TLR4 is replaced with mCherry, we con-structed other mCherry-TLR4 fusions proteins in which the hydrophobic linker was removed (M-4-X and M-28-X) or, alternatively, replacing the hydrophobic linker with a flexible glycine linker of the same length (M-4-G and M-28-G) (Fig.  5A ). When the hydrophobic linker was simply removed, constitutive signaling was ablated for both M-4-X and M-28-X (Fig.  5, B and C) . Replacing the hydrophobic linker with a flexible glycine linker, however, maintained constitutive signaling for M-4-G and M-28-G. Although TLR4-U exhibited neither background nor LPS-inducible signaling (Fig. 2C) , replacing the ICL of M-4 with the polar linker of TLR4-U did not prevent constitutive activation (Fig. 5, A and B) . Each of these mCherry fusion proteins was robustly expressed at the cell surface ( Fig. 5D ), including TMD/ICL combinations whose surface localization was impaired when fused to the TLR4 ECD (Fig. 4B ). Together, FIGURE 3 . Contributions of TLR4 ICL length to receptor signaling. A, at the left is a schematic of TLR4 modifications. Light gray, WT TLR4; dark gray, portion of TLR4 being modified. At the right is a comparison of the amino acid sequence of the ICL of WT TLR4 with no ICL (TLR4-L0) or flexible linkers with lengths of 6 amino acids (TLR4-L6), 11 amino acids (TLR4-L11), 25 amino acids (TLR4-L25), and 48 amino acids (TLR4-L48). B and C, NF-B reporter activation by TLR4 and variants following activation by LPS. MFI of GFP was measured in biological triplicate for each sample after gating on transfected cells, and measurements were normalized relative to WT TLR4 ϩ LPS. Error bars, S.D. D, surface and intracellular expression of modified TLR4s (gray-filled histogram, mock-transfected). PE-Cy7 was evaluated after gating on transfected cells. these results again suggest that a linker is required to initiate signaling (via recruitment of MyD88 and Mal (MyD88 adapterlike), which also include TIR domains). However, the specific sequence and hydrophobic nature of the WT linker may not be required. Thus, the only TLR4-derived domain required to ini-tiate signaling from the plasma membrane is the TIR domain, and in the absence of a TLR4 ECD, this signaling is constitutive.
TLR4 Intracellular Domains Impact Signaling in a Pathwayspecific Fashion-TLR4 signaling is unique among TLRs, in that TLR4 signals via both MyD88 and TRIF (TIR domain-contain- 
Contributions of the transmembrane domain and ICL to constitutive the signaling by TLR4 variants lacking an inhibitory ectodomain.
A, schematic representation of mCherry-TLR4 fusion proteins. Gray, WT TLR4, black ECD, mCherry; light gray TMD with black outline, CD28 TMD; light gray ICL, an 11-amino acid glycine linker; dark gray ICL, a polar uncharged linker. B and C, NF-B reporter activation by mCherry-TLR4 fusion proteins compared with WT TLR4 (WT TLR4-expressing cells were treated with LPS, but mCherry fusion protein-expression cells were not treated with LPS). MFI of GFP was measured in biological triplicate for each sample after gating on transfected cells, and measurements were normalized relative to WT TLR4 ϩ LPS. Error bars, S.D. D, surface expression of mCherry-TLR4 fusion proteins (gray-filled histogram, mock-transfected). PE was evaluated after gating on transfected cells.
ing adapter-inducing interferon-␤) (4). Ligand binding first initiates signaling via MyD88 at or near the cell surface, and subsequently, TRIF signaling is initiated from early endosomal compartments (32, 37, 39) . To investigate whether our TLR4 variants differentially impact MyD88-and TRIF-mediated signaling, we evaluated LPS-induced activation of an interferon-␤ reporter (28) for several key constructs (Fig. 6A ). Whereas LPSinduced TRIF signaling via WT TLR4 was comparable with that in prior reports (30) , TRIF signaling via all other constructs was reduced or ablated. Notably, only TLR4-H1 (whose hydrophobic ICL differs from that of WT TLR4 in sequence but not composition) retained LPS-inducible TRIF signaling. In contrast, receptors with glycine-rich ICL that had exhibited LPSinducible MyD88 signaling (TLR4-G, -L6, and -L48) did not confer LPS-inducible TRIF signaling. Finally, constructs that failed to exhibit LPS-inducible MyD88 signaling (TLR4-L0, -TM28, -TM28L) also failed to exhibit LPS-inducible TRIF signaling.
When constructs lacking the TLR4 ECD were similarly evaluated, we observed a striking similarity between the patterns of constitutive (LPS-independent) signaling via MyD88 (Fig. 5, B and C) and TRIF (Fig. 6, B and C) . These data indicate that ablating the inhibition mediated by the TLR4 ECD (25) is sufficient to drive both MyD88-and TRIF-mediated signaling, the latter of which was not previously evaluated. Notably, replacement of the ICL with an equivalently sized glycine linker conferred constitutive signaling via both pathways when the ECD comprised mCherry (M-4-G), but when the TLR4 ECD was retained (TLR4-G), LPS induced signaling via MyD88 but not TRIF. Overall, these observations suggest that the hydrophobicity (but not strictly the sequence) of the ICL may be essential for conferring LPS-induced TRIF-mediated signaling. However, this ICL feature is not required for LPS-induced initiation of MyD88 signaling. Because mCherry constructs signaled comparably via both MyD88 and TRIF pathways, it is possible that these receptors localize (constitutively) to compartments competent for initiating both signaling pathways, potentially bypassing the requirement for interactions mediated by the hydrophobic ICL.
Negative Regulators of TLR4 Do Not Contribute to Differential Signaling of Intracellular Domain Variants-Given that our receptor variants exhibited differential LPS-inducible signaling efficiencies, we hypothesized that negative regulators of TLR4 might differentially act upon these variants (40) . Given the sites of variation between our constructs, plausible negative regulators include RP105 and TMED7. RP105 (also called CD180) is a TLR4 homolog that is co-expressed with TLR4 and inhibits TLR4 signaling via direct physical interactions mediated by receptor ECDs (41, 42) . TMED7 is a transmembrane adaptor protein that has been implicated in multiple aspects of TLR4 signaling (30, 43) . TMED7 appears to be required for trafficking of TLR4 from the endoplasmic reticulum to the Golgi via COPII-coated vesicles, and release of TLR4 from TMED7 in the Golgi precedes trafficking of TLR4 to the cell surface (30, 37) . TMED7 may also associate with TLR4 after stimulation with LPS to attenuate LPS-induced signaling (43) . Thus, we hypothesized that TLR4 variants exhibiting impaired background and/or LPS-inducible signaling (i.e. TLR4-TMa, -TM28, and -TM28L) may be impaired in their association or disassociation from these regulators.
To investigate whether RP105 or TMED7 may differentially regulate our TLR4 variants, we first evaluated expression of regulator genes in our HEK293 cells (Fig. 7A ). While basal TMED7 expression was robust, consistent with previous reports (30), RP105 mRNA was not detected. Thus, RP105 cannot explain our observations, and we focused on TMED7 in subsequent work. We perturbed TMED7 in three ways: overexpression, knockdown, and expression of a TMED7 truncation mutant (TMED7-Delta) (Fig. 7, B-D) . TMED7-Delta lacks the cytoplasmic C-terminal domain and localizes diffusely throughout the cell, and co-expression of this mutant with TLR4 has been reported to increase ligand-independent signaling via both MyD88 and TRIF (30) . Knockdown of TMED7 was implemented using a CRISPR-based system, in which a modi- fied Cas9 protein directs transcriptional silencing of a specific locus targeted by a small guide RNA (29) . Analysis of TMED7 mRNA in mock samples from Fig. 7, B and C, confirmed that overexpression and knockdown of TMED7 were both substan-tial (Fig. 7E) ; TMED7 overexpression and knockdown in transfected cells is expected to be of even greater magnitude than the population-averaged values depicted in Fig. 7E (see figure  legend) . Overall, TMED7 overexpression minimally altered signaling in TLR4 variants, except to slightly enhance background signaling and diminish LPS-induced signaling for WT TLR4 (Fig. 7B ). This pattern is consistent with previous reports (note that our NF-B assays integrate reporter output over 24 h) (30, 43) . TMED7 knockdown substantially diminished LPS-induced signaling for WT TLR4 (Fig. 7C) , which is consistent with a model in which TMED7 is required for TLR4 to traffic to LPS-inducible compartments. Surprisingly, expression of the TMED7-Delta mutant diminished LPS-independent signaling for both WT TLR4 and TLR4-TMa, and LPS-induced signaling was diminished for WT TLR4 as well (Fig. 7D) . These results differ superficially from those reported previously (30) , although we note that our NF-B assay spanned 24 h, whereas Liaunardy-Jopeace et al. (30) examined NF-B-mediated reporter expression 6 h after stimulation with LPS. Altogether, these data are most consistent with a model whereby TMED7 is required for trafficking of TLR4 to signaling-competent compartments, as expected, but regulation by TMED7 cannot explain why some TLR4 variants (e.g. TLR4-TM28L) were not induced by LPS. Thus, these data bolster the explanation posed above; the TMD substitutions investigated here impair trafficking of TLR4 to the cell surface, and thus LPS-inducible signaling is also ablated.
DISCUSSION
Altogether, this investigation helps to clarify the role played by the unique ICL and TIR domains of TLR4. Collectively, our results also indicate that the current model of TLR4 signaling requires refinement.
First, our analysis provides new insights into the role of the unique TLR4 ICL bridging the TMD and TIR domains. In TLR4, this linker is hydrophobic, whereas it is hydrophilic in all other TLRs, and the functional role of this property was not known (26) . As previously reported by Nishiya et al. (26) , deletion of the hydrophobic linker prevented LPS-inducible signaling ( Fig. 3) , probably by sterically occluding TIR dimerization or interactions with downstream signaling mediators, because all TLRs have a linker of some sort between the TMD and TIR domain. However, we found that by replacing the WT ICL with linkers of identical composition but altered sequence ( Fig. 1) or with comparably sized linkers composed either entirely of glycine or of nonstructured residues, including positively charged amino acids (Fig. 2) , LPS-inducible signaling via MyD88/NF-B was largely retained. However, glycine ICL substitutions (of various lengths) that retained LPS-inducible MyD88 signaling proved to ablate LPS-inducible signaling via TRIF (Figs. 2, 3 , and 6). Interestingly, one construct in which the ICL sequence was reversed (preserving composition) retained LPS-inducible signaling via TRIF, although the magnitude of reporter activation was diminished ( Fig. 6) .
Overall, these observations suggest that the hydrophobicity (but not strictly the sequence) of the ICL may be essential for conferring LPS-induced TRIF-mediated signaling, although hydrophobicity is not required for LPS-induced initiation of MyD88 signaling. One possible explanation is that the hydrophobic ICL facilitates the unique TLR4 mechanism by which LPS-mediated activation initiates at or near the cell surface, followed by translocation of the TLR4 signaling complex to endosomal compartments that are competent for initiation of signaling via TRIF (32, 37) . Because TLR4 variants lacking the inhibitory ECD (25) signaled comparably via both MyD88 and TRIF pathways (Figs. 5 and 6), it is possible that these receptor variants localize (constitutively) to compartments competent for initiating both signaling pathways. Thus, differences in signaling rates between these variants might be ascribed to differential efficiencies with which TLR4 TIR domains dimerize and recruit adapter molecules Mal and TRAM (TRIF-related adapter molecule) to form complexes with MyD88 and TRIF, respectively.
Our analysis of TLR4 ICL variants also revealed particularly interesting insights into how constitutive signaling may be suppressed. First, we demonstrated that membrane-bound TLR4 TIR domains (lacking all other TLR4 sequences) are sufficient to initiate constitutive signaling via MyD88 (Fig. 5 ), as predicted via computational analysis (24) but to our knowledge not previously observed. Second, we observed that the TLR4 variant including a 48-amino acid-long ICL (TLR4-L48) did not exhibit elevated signaling in the absence of ligand, and indeed signaling was LPS-inducible ( Fig. 3 ). This finding is important because it cannot be explained by the current model in which the TLR4 ECD suppresses constitutive signaling via steric occlusion (25) . When fully extended (within the constraints of the peptide backbone), this 48-residue linker may span ϳ168 Å, nearly twice the distance required to bridge the widest part of the TLR4 ECD (15) . Therefore, if TIR dimerization is suppressed only by steric occlusion between TLR4 ECDs, receptors bearing such linkers would be expected to enable TIR domain dimerization and signaling in the absence of ligand. Moreover, Panter et al. (25) discovered that removal of up to 542 N-terminal amino acids (LRR1-LRR20), which results in an ECD of only 10 kDa (comprising LRR21, LRR22, and LRRCT), was sufficient to prevent constitutive activation of the TLR4 receptor. However, a slightly smaller construct in which the ECD comprised LRR22 and LRRCT (TLR4 ⌬563) exhibited constitutive signaling. A final observation that challenges the steric occlusion model is that inserting linkers between the TMD and ECD domain of TLR4 decreased LPS-inducible signaling but did not lead to constitutive signaling (44) .
Therefore, we hypothesize that the role of the TLR4 ECD in preventing signaling is more than steric occlusion mediated by its large size, and it is likely that the C-terminal region of the TLR4 ECD (potentially a region in or near LRR21) mediates the inhibition of constitutive signaling via a distinct mechanism. Moreover, our TLR4-L48 construct was LPS-inducible, which does not support a mechanism by which LPS-induced receptor dimerization or conformational rearrangement of the ECDs leads to an intracellular conformational change that simply alleviates steric inhibition of TIR dimerization. Thus, a distinct mechanism is necessary to explain how ligand binding is transduced into signal induction for this relatively "floppy" receptor variant. Altogether, these observations indicate the need for a revised model of TLR4 signaling.
To integrate both our observations and those previously reported, we propose a revised, albeit speculative, model of switchlike TLR4 signaling (Fig. 8 ). We hypothesize that in the absence of ligand, TLR4 is retained in a signaling-incompetent conformation via interactions between TLR4 and one or more additional, as yet unidentified species. We hypothesize that this TLR4-inhibitory complex (TIC) binds to TLR4 via interactions involving the C-terminal region of the TLR4 ECD (putatively within the region spanned by LRR21, LRR22, and LRRCT), the TIR domain, and one or more interaction partners, which may be proteins (potentially including known adapter proteins) or other molecules. In this model, TIC-bound TIR domains are held in a signaling-incompetent conformation, and upon LPS binding to the ECDs to induce dimerization and/or rearrangement, interactions with TIC are disrupted, enabling the TIR domains to spontaneously dimerize and initiate downstream signaling. For example, TIC may retain the TIR domains in a membrane-proximal location, which prevents signaling ( Fig.  3 ), or TIC may otherwise preclude interactions between TIR domains and adapter proteins. Notably, the TLR4 TIR domain is predicted to possess a flat but slightly curved membrane proximal surface, which is common in proteins that interact with the membrane (24) . The proposed inhibitory interactions could occur in cis, wherein the ECD and TIR domain of one TLR4 protein are engaged with a single TIC, or in trans, where the ECD and TIR domains of different TLR4 proteins interact via TIC (Fig. 8) .
The proposed TIC hypothesis is consistent with the key observations reported here and discussed above as well as with other reported properties of TLR4 signaling. Most importantly, the TIC hypothesis could explain why 1) the C-terminal fragment of the TLR4 ECD (LRR21-LRRCT) is sufficient (and necessary) to prevent constitutive signaling, 2) TLR4-L48 exhibits both low background signaling and LPS-inducible signaling, 3) insertion of external linkers between the TMD and ECD does not confer constitutive signaling, and 4) LPS-mediated induction of TLR4 signaling does not require specific ICL sequences. According to the TIC hypothesis, ICL length and composition would not affect inducible signaling so long as the ICL does not interfere with TLR4 associating or dissociating with TIC. For example, the polar, uncharged linker evaluated here might sta-bilize interactions with TIC, such that ligand binding does not induce signaling, which could explain why TLR4-U was not inducible yet M-4-U (which lacks the TLR4 ECD hypothesized to be necessary for TIC binding) signaled constitutively (Figs. 2 and 5). Similarly, according to the TIC hypothesis, we would predict that inserting external linkers would not preclude association with TIC, although the linkers may diminish the extent to which LPS-induced ECD dimerization or rearrangement disrupts TIC binding. Indeed, the TIC hypothesis best explains why inserting linkers between the ECD and TMD has such a different impact on signaling than does inserting linkers between the TMD and TIR domain.
The TIC hypothesis could also explain why TLR4 signaling is induced by numerous non-canonical ligands (16 -22) . If induction of TLR4 signaling requires only disruption of TIC binding, rather than ligand-guided formation of a specific dimer conformation, then there may exist multiple mechanisms for inducing signaling. For example, nickel and cobalt have been shown to trigger activation of human TLR4 via interaction with non-conserved histidine residues, and these metals may mediate TLR4 ECD dimerization even in the absence of MD2 (16, 17) . Under the TIC hypothesis, these and other ligands may also induce TLR4 signaling by disrupting TIC binding, even without inducing TLR4 ECD dimerization. Interestingly, human TLR4 contains a non-conserved histidine at position His-555 (16) , and although this residue has not yet been investigated for conferring or enhancing responsiveness to metal this residue falls within LRR21, which was previously implicated as being crucial for suppressing constitutive signaling (25) .
Further investigation is certainly required to confirm or refute the existence of the proposed TIC mechanism and to identify the components involved. Our experiments exclude RP105 and TMED7, two important negative regulators of TLR4, as mediating the TIC mechanism in our experiments. RP105 was not expressed in our cells, so although this protein may participate in TIC in other cell types, it cannot explain our observations. Thus, RP105 would not be a required component of TIC. In both our experiments and previous reports, TMED7 FIGURE 8 . Proposed model of TLR4 switchlike signaling. This schematic summarizes the proposed model by which TLR4 signaling is regulated. In the absence of ligand, the TIC associates with TLR4 and maintains the receptor in an inactive conformation that prohibits constitutive signaling. Dashed circles, putative sites of interactions between TLR4 and TIC. Although this schematic depicts TLR4-TIC interactions occurring exclusively in cis (involving one TLR4 protein and one TIC), it is also possible that some interactions occur in trans and involve multiple TLR4 proteins, as described under "Discussion." LPS (orange circle) binding to MD2 promotes a conformational change that induces TLR4 ectodomain dimerization, leading to dissociation of TIC from TLR4. In the absence of TIC, TLR4 TIR domains spontaneously dimerize and induce adapter recruitment and downstream signaling.
does not regulate TLR4 signaling in a manner consistent with TIC. For example, knockdown of TMED7 expression diminished LPS-inducible TLR4 signaling rather than substantially boosting constitutive signaling, as one would predict for knockdown of TIC ( Fig. 7) (30) . Similarly, overexpression of TMED7 failed to diminish ligand-independent background signaling, and LPS-induced signaling was suppressed modestly (Fig. 7) or not at all (30) . Thus, although we cannot formally exclude TMED7 as a participant in TIC, it is clear that TMED7 does not mediate the main functions hypothesized to be meditated by TIC.
Finally, it is intriguing to consider the consequences of the hypothesized TIC mechanism. Although a TIC-like mechanism may also apply to other TLRs, suppression of ligand-independent signaling may be particularly important for TLR4 because it drives a wide range of inflammatory responses (4). The TIC mechanism may also confer switchlike signaling to TLR4; if the LPS concentration exceeds the threshold required to transiently disrupt TIC binding, then the propensity of the TIR domains to homodimerize may result in robust downstream signaling in response to even low concentrations of LPS. Finally, whether or not the TIC mechanism proves to be correct, the observations reported here necessitate revising the conceptual model of TLR4 signaling, which could ultimately inform the design of novel strategies for therapeutically manipulating this important receptor.
